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Abstract
Background: The ability to specifically label proteins within living cells can provide information
about their dynamics and function. To study a membrane protein, we fused a multi-functional
reporter protein, HaloTag®, to the extracellular domain of a truncated integrin.
Results: Using the HaloTag technology, we could study the localization, trafficking and processing
of an integrin-HaloTag fusion, which we showed had cellular dynamics consistent with native
integrins. By labeling live cells with different fluorescent impermeable and permeable ligands, we
showed spatial separation of plasma membrane and internal pools of the integrin-HaloTag fusion,
and followed these protein pools over time to study bi-directional trafficking. In addition to
combining the HaloTag reporter protein with different fluorophores, we also employed an affinity
tag to achieve cell capture.
Conclusion: The HaloTag technology was used successfully to study expression, trafficking, spatial
separation and real-time translocation of an integrin-HaloTag fusion, thereby demonstrating that
this technology can be a powerful tool to investigate membrane protein biology in live cells.
Background
Membrane proteins are encoded by over 25% of all
sequenced open reading frames and constitute the major-
ity of known drug targets [1]. Therefore, tools providing a
greater understanding of membrane proteins may benefit
cell biology research and pharmacological development
[2-5]. The advance of methods for labeling proteins by
genetic fusion is expanding the understanding of protein
function in complex intracellular environments (see
recent reviews) [6-8]. Current reporter proteins such as
carrier proteins (i.e. peptidyl PCP or acyl ACP), tetra-
cysteine tags (i.e. Fluorescein and Resorufin Arsenical Hel-
ical binders), O6-alkylguanine-DNA alkyltransferase
(AGT), photoactivatable proteins and others (reviewed by
Chapman et al) allow more flexibility than originally
available with GFP [5,9-12]. However, visualization of
multiple pools of the same protein through space and
time can still be technically challenging and new options
could only benefit this expanding field.
The multifunctional HaloTag® technology complements
existing methods and provides new options to study spa-
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tial and temporal changes in different pools of a single
membrane protein. In addition, it can be used to study
protein topology and post-translational modification and
to capture cells. The HaloTag technology is based on the
formation of a covalent bond between the HaloTag
reporter protein and synthetic ligands [13]. The HaloTag
reporter protein is an engineered catalytically inactive
derivative of a bacterial hydrolase (Figure 1a). The syn-
thetic ligands contain two crucial components: 1) a com-
mon reactive linker that forms a covalent bond with the
HaloTag protein, and 2) a functional reporter such as a
fluorescent dye or an affinity handle such as biotin (Figure
1b). HaloTag ligands have the same chloroalkane reactive
linker, but differences in the functional reporter and dis-
tance of the reporter from the linker create an interchange-
able labeling technology. For instance, the HaloTag® TMR
ligand is a cell permeable red-emitting ligand, but unlike
some red fluorescent proteins like DsRed, it does not
require tetramerization (though directed evolution has
since created a monomeric red fluorescent protein)
[14,15]. The green-emitting HaloTag® Alexa Fluor® 488
and PEG-Biotin are cell impermeable ligands. The inter-
changeability of a broad range of ligands permits a variety
of functional studies of fusion proteins generated from a
single genetic construct (Figure 1c).
We used an integrin model to assess the applicability of
the HaloTag technology for observing the dynamics of
membrane protein processing and trafficking. Integrins
are membrane proteins that are central to cellular adhe-
sion and migration, thereby involving them in develop-
ment, inflammation, and disease [16-18]. Integrins are
heterodimers of α- and β-subunits, which typically have a
large extracellular domain, a single transmembrane seg-
ment and a short cytoplasmic tail [16]. Integrins have
been studied in living cells by fusing GFP to the intracel-
lular cytoplasmic tail or to the transmembrane domain
[19-21]. We fused the HaloTag reporter protein to the
extracellular domain of a truncated human β1 integrin
(β1Int-HaloTag, Figure 2a). By expressing the HaloTag
reporter protein on the cell surface, we were able to use the
multifunctional HaloTag technology to study a mem-
brane protein in living cells and to capture cells.
Results
The β1Int-HaloTag fusion protein was well tolerated by
multiple cell types, including mammalian cell lines and
human neural stem cells [22]. Immunocytochemistry
with β1 integrin and HaloTag antibodies showed that the
β1Int-HaloTag fusion protein was expressed at the cell
membrane in a similar pattern to endogenous β1 integrin
(Figure 2b). Fixed cells were non-permeabilized to show
that the HaloTag reporter protein was localized on the cell
surface.
To study membrane proteins in live cells with the HaloTag
technology, we developed a fluorescent ligand which
should not cross the cell membrane. To make this ligand
cell impermeable, we added a negatively charged dye to
the standard activated linker. To confirm that this novel
ligand, HaloTag® Alexa Fluor® 488 (HaloTag 488), was cell
impermeable, we labeled cells expressing HaloTag on the
surface or only inside. Live cell imaging showed that the
HaloTag 488 ligand specifically labeled the cell-surface
HaloTag protein in cells stably expressing β1Int-HaloTag,
but did not label the intracellular protein in cells stably
expressing HaloTag fused to a nuclear localization
sequence [23] (Figure 2c, d). This confirms that the novel
ligand is cell impermeable and that the surface HaloTag
protein fused to integrin can functionally bind ligands.
To reveal the β1Int-HaloTag protein topology and subcel-
lular distribution, we used HaloTag ligands with a modi-
fied fluorescence protease protection (FPP) assay [24].
The FPP assay, described by Lorenz (2006), determines
the topology and localization of proteins in living cells by
monitoring trypsin-induced destruction of GFP attached
to a protein of interest. We separately labeled surface and
internal protein pools of β1Int-HaloTag in live cells with
the cell impermeable fluorescent ligand, HaloTag 488,
followed by the cell permeable fluorescent ligand, Halo-
Tag TMR (Figure 3a). Spatial separation of protein pools
is depicted by a green rim around a red interior (Figure
3b). Trypsin exposure to live cells stripped the external
HaloTag 488 ligand over time, but preserved the internal
HaloTag TMR ligand (Figure 3a, b). This result shows that
the HaloTag protein fused to integrin was orientated on
the surface of the cell membrane, and that the multi-func-
tional HaloTag technology can be used to determine
topology of membrane proteins. In some instances, β1Int-
HaloTag labeled on the surface with the HaloTag 488 lig-
and was internalized before trypsin addition. Unlike the
surface exposed protein removed by trypsin, this recycled
protein showed fluorescence protease protection (Addi-
tional Figure 1).
To reveal the β1Int-HaloTag protein subcellular localiza-
tion, we combined the HaloTag technology and the per-
meabilization agent digitonin [24]. Cells were co-
transfected with β1Int-HaloTag and GFP, and then
labeled with the HaloTag TMR ligand (Figure 3c). Co-
expression of the proteins is shown by the yellow overlay
(Figure 3d). Digitonin treatment permeabilized the mem-
brane, which allowed freely floating GFP to diffuse out of
the cell over time while internally bound β1Int-HaloTag
was retained in the cell, presumably by cellular transport
and recycling machinery (Figure 3c, d). This result shows
that the HaloTag fusion did not affect normal processing
of a membrane bound protein, and that the HaloTag tech-BMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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Overview of HaloTag® Technology Figure 1
Overview of HaloTag® Technology. (a) Molecular model of the HaloTag protein. The HaloTag TMR ligand (fluorescent moiety 
in red, reactive linker in orange) is shown covalently bound to the aspartate nucleophile (blue). Replacement of catalytic base 
(His) with Phe renders the HaloTag protein inactive, leading to the formation of a stable covalent bond [13]. (b) Chemical 
structure of the HaloTag ligands showing the functional reporters and the reactive linker. HaloTag ligands have the same chlo-
roalkane reactive linker, but differ in the functional reporter and distance of the reporter from the linker. The HaloTag TMR 
ligand crosses the cell membrane, unlike the HaloTag PEG-Biotin and Alexa 488 Ligands. (c) The interchangeable HaloTag 
technology permits several cell-based applications, including live or fixed cell imaging and SDS-page analysis. Abbreviations: 
TMR, tetramethyl-rhodamine; His, histidine; Phe, phenylalanine.BMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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nology can be used to distinguish free floating and mem-
brane bound proteins.
Membrane proteins, such as integrins, are typically traf-
ficked through secretory and endocytic pathways [25-27].
Permeabilization experiments showed β1Int-HaloTag was
retained in the cell, but to confirm that the β1Int-HaloTag
fusion protein was associated with intracellular transport
and recycling organelles, we combined fluorescent Halo-
Tag ligands to label live cells with fixed cell immunocyto-
chemistry. To assess protein delivery to the membrane,
live cells expressing β1Int-HaloTag were labeled with the
HaloTag TMR ligand, and then processed for immunocy-
tochemistry to visualize the endoplasmic reticulum (ER),
ER-intermediate golgi complex (ERIGC), or golgi (Figure
4a). To assess protein recycling from the membrane, live
cells expressing β1Int-HaloTag were labeled with the
HaloTag 488 ligand, and then processed for immunocyto-
chemistry to visualize the early and late endosomes (Fig-
ure 4b). Co-localization of the β1Int-HaloTag protein
with cellular transport machinery is shown by the yellow
overlay, and suggests that fusing HaloTag to the truncated
integrin does not alter normal protein flow through secre-
tory and endocytic pathways.
We used the HaloTag technology and immunocytochem-
istry to also show that the β1Int-HaloTag protein co-local-
ized with expected membrane proteins, such as cadherin
and transferrin receptors [20,28,29]. To assess protein co-
localization at the membrane, live cells expressing β1Int-
Targeting HaloTag protein to the cell surface Figure 2
Targeting HaloTag protein to the cell surface. (a) Human β1 integrin is depicted with a signal peptide (SP), extracellular domain 
(EC), transmembrane domain (TM) and cytoplasmic domain (CD) (left). In the β1Int-HaloTag construct, the HaloTag protein is 
displayed on the cell surface by fusion to the truncated (tr) extracellular domain of human β1 integrin (right). (b) Immunocyto-
chemistry, without permeabilization, using antibodies against integrin (green) and HaloTag (red) show that the β1Int-HaloTag 
fusion protein is being expressed in transfected HeLa Hcells, and the overlap of the two proteins (yellow) indicates β1Int-Halo-
Tag is expressed on the cell surface in a similar pattern to endogenous β1 integrin. (c) HEK293 cells stably expressing β1Int-
HaloTag labeled with the HaloTag 488 ligand show a green rim, confirming that HaloTag is on the surface and functional. (d) 
HEK293 cells stably expressing HaloTag-(NLS)3 labeled with the HaloTag 488 ligand do not show a green rim, confirming that 
the ligand is cell impermeable and does not label intracellular HaloTag protein. Cell images were generated on an Olympus 
FV500 confocal microscope using the appropriate filter.BMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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Revealing protein topology and subcellular localization Figure 3
Revealing protein topology and subcellular localization. (a) Diagram of separately labeled surface and internal protein pools of 
β1Int-HaloTag, and trypsin exposure to strip the surface labeled pool. (b) Pre trypsin treatment, live HEK293 cells sequentially 
labeled with HaloTag 488 and TMR ligands show spatial separation of protein pools depicted by a green rim around a red inte-
rior. After trypsin, the external HaloTag 488 ligand is stripped over 50 and 450 seconds and the internal HaloTag TMR ligand is 
preserved. (c) Diagram of β1Int-HaloTag and GFP co-expression in TMR-labeled cells, and digitonin exposure to permeabilize 
membrane. (d) HeLa cells transfected with β1Int-HaloTag and GFP were labeled with HaloTag TMR ligand. Co-expression of 
the 2 proteins, shown by yellow overlay (arrow), is present pre digitonin treatment, but after digitonin most GFP diffuses out 
of the cells over 360, 440 and 590 seconds and β1Int-HaloTag remains inside (arrow). Cell images were generated on an Olym-
pus FV500 confocal microscope in sequential mode using appropriate filter sets.
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HaloTag were labeled with the HaloTag 488 ligand, and
then processed for immunocytochemistry (Figure 4b).
Co-localization of the β1Int-HaloTag protein with cad-
herin is shown by the yellow overlay, and suggests that
β1Int-HaloTag fusion not only traffics properly to the
membrane but also co-localizes with other expected
membrane proteins. To assesses protein co-internaliza-
tion from the membrane, live cells expressing β1Int-Halo-
Trafficking and internalization of membrane proteins Figure 4
Trafficking and internalization of membrane proteins. (a) HeLa cells transiently expressing β1Int-HaloTag were labeled with 
the HaloTag TMR ligand, then fixed and processed for immunocytochemistry to visualize the endoplasmic reticulum (ER), ER-
golgi intermediate complex (ERGIC), or golgi followed by a green secondary antibody. (b) HeLa cells transiently expressing 
β1Int-HaloTag were labeled with the HaloTag 488 ligand, then fixed and processed for immunocytochemistry to visualize early 
endosomes (Rab4), late endosomes (Rab11) or cadherin followed by a red secondary antibody. (c) Hela cells transiently 
expressing β1Int-HaloTag were labeled with the HaloTag 488 ligand and an Alexa Fluor® 594 transferrin conjugate then fixed. 
Cell images were generated with Olympus FV500 confocal microscope in sequential mode using appropriate filter sets.
ERGIC ER a Golgi
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Tag were labeled with the HaloTag 488 ligand and a
transferrin Alexa Fluor® 594 conjugate (Figure 4c). Co-
localization of the β1Int-HaloTag protein with the trans-
ferrin receptor is shown by the yellow overlay, and sug-
gests that the β1Int-HaloTag fusion not only internalizes
through the proper cellular machinery, but also co-inter-
nalizes with expected membrane proteins.
Mature integrins at the cell membrane are glycosylated,
and the internal pool is partially glycosylated as it traffics
through the secretory pathway [30]. To confirm that the
β1Int-HaloTag protein not only traffics normally through
the secretory pathway but also undergoes proper post-
translational modification, we used fluorescent HaloTag
ligands followed by SDS-PAGE analysis. Live cells express-
ing β1Int-HaloTag were sequentially labeled with Halo-
Tag 488 and TMR ligands to separately label surface and
internal proteins, respectively (Figure 1c). Lysate from
labeled cells showed two distinct protein pools on SDS-
PAGE in lane 2 (Figure 5a). This band pattern could be
because the higher molecular weight green surface pool of
β1Int-HaloTag is heavily glycosylated compared to the red
intracellular pool. To confirm whether the distinct protein
pools were due to differential protein glycosylation, we
glycanase treated cells lysates. Deglycosylation by either
O- or N-glycanase treatment caused a significant shift in
the green surface pool of β1Int-HaloTag (lane 3 and 4).
Conversely, O-glycanase treatment caused no visible shift
in the red internal pool of β1Int-HaloTag (lane 3), and N-
glycanase treatment caused only a minor shift (lane 4).
Glycanase treatment of the HaloTag reporter protein pro-
duced no band shift on SDS-PAGE (data not shown), sug-
gesting that the shift in β1Int-HaloTag is due to
glycosylation of the integrin protein. Our results show
that the surface pool of β1Int-HaloTag is glycosylated,
which is expected for integrins and suggests that fusing
HaloTag to a truncated integrin does not alter proper post-
translational glycosylation.
We also used the HaloTag technology to follow protein
modification over time. Cells expressing β1Int-HaloTag
were labeled sequentially with HaloTag 488 and TMR lig-
ands, and lysate was then collected immediately or up to
12 hours after labeling (Figure 5b). As expected, lysate
from cells labeled with the HaloTag TMR ligand alone
showed two protein pools (lane 1) and lysate from cells
labeled with the HaloTag 488 ligand alone showed only
the higher molecular weight protein pool (lane 2). Sub-
stantiating figure 5a, lysate from cells sequentially labeled
with both ligands showed separation of the two protein
pools at early time points (lanes 3–5). However, over time
the lower band for the red internal pool shifted up, pre-
sumably as this protein arrived at the membrane in a gly-
cosylated form (lanes 6–9) [31]. Additionally, the upper
band for the green surface pool disappeared, presumably
as this protein was endocytosed and degraded. The over-
laid SDS-PAGE shows that the HaloTag technology can be
used to track different protein pools and monitor post-
translational modifications over time.
Finally, we used the HaloTag technology and live cell
imaging to visualize spatial separation and real-time
translocation of β1Int-HaloTag. Cells expressing β1Int-
HaloTag were labeled sequentially with HaloTag 488 and
TMR ligands. Live cell imaging showed two distinct pro-
tein pools, with the surface protein labeled specifically
with the HaloTag 488 ligand and the intracellular protein
labeled with the HaloTag TMR ligand (Figure 5c). Re-
imaging 12 hours after labeling shows that the initial red
cytoplasmic pool has moved to the membrane and the
initial green surface pool has internalized (Figure 5d).
Timelapse imaging shows real-time translocation after
labeling, which begins with the green surface pool inter-
nalizing at 1 hour, continues with the red internal pool
trafficking to the surface, and ends with the red surface
pool internalizing (Additional Figure 2). The HaloTag
technology can show clear translocation of two separate
protein pools in live cells, and these results of β1Int-Halo-
Tag movement corroborate the immunocytochemistry
and SDS-PAGE results.
With the HaloTag technology, functional reporters such as
fluorescent ligands can be used to image live cells, and
affinity handles such as biotin can be used to capture cells
expressing HaloTag on the surface. We co-expressed
β1Int-HaloTag, or HaloTag as a control, with luciferase.
Live cells were labeled with HaloTag PEG-Biotin ligand
and then captured on streptavidin coated plates. Luci-
ferase assay results show the specific capture of β1Int-
HaloTag-expressing cells compared to HaloTag-expressing
control cells (Figure 6a). Specific capture of β1Int-Halo-
Tag-expressing cells was blocked when streptavidin coated
plates were pre-coated with HaloTag PEG-Biotin. In addi-
tion to the in vitro luciferase assay, live cell imaging con-
firms that β1Int-HaloTag-expressing cells can be
specifically captured using the HaloTag technology and
that captured cells survive. Live cells were labeled with
HaloTag PEG-Biotin ligand, captured on streptavidin
coated plates, and then replated for live cell imaging.
Labeling plated cells with the HaloTag TMR ligand shows
the survival of specifically captured β1Int-HaloTag-
expressing cells compared to control cells (Figure 6b).
Discussion
The ability to analyze proteins in their native environment
is critical to developing a detailed understanding of pro-
tein processing and trafficking. The study of protein traf-
ficking is particularly timely and valuable considering the
recently reported link between disrupted protein traffick-
ing and certain disease states [32,33]. The study of proteinBMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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glycosylation patterns is also relevant to disease states, as
recently reported by Lyly et al for palmitoyl protein
thioesterase I related to childhood encephalopathies [34].
We showed that the HaloTag technology can be used to
study the expression, topology, glyscosylation, distribu-
tion, and translocation of a vital cellular protein. This was
possible in multiple cell types, including mammalian cell
lines like CHO, HeLa, HEK293 and U2OS and also in
Spatial and temporal separation of proteins using HaloTag Technology Figure 5
Spatial and temporal separation of proteins using HaloTag Technology. (a) HEK293 cells stably expressing β1Int-HaloTag were 
sequentially labeled with the HaloTag 488 and TMR ligands and then rinsed and lysed. Lysate was non-glycanase treated (lane 
2), O-glycanase treated (lane 3) or N-glycanase treated (lane 4) and analyzed by SDS-PAGE with a ladder (lane 1). (b) HEK293 
cells stably expressing β1Int-HaloTag were labeled with the HaloTag TMR ligand alone (lane 1), the HaloTag 488 ligand alone 
(lane 2), or sequentially with the HaloTag 488 and TMR ligands (lanes 3–9). Cells were rinsed and lysed at 0 minutes (lanes 1–
3) or 0.5, 1, 2, 4, 8 and 12 hours (lanes 4–9) after labeling, and lysate was run on SDS-PAGE. (c) HeLa cells expressing β1Int-
HaloTag were sequentially labeled with the HaloTag 488 and HaloTag TMR ligands and imaged immediately after labeling to 
show spatially separated protein pools. (d) Cells were re-imaged 12 hours after labeling to show temporal translocation of 
both protein pools. Cell images were generated with Olympus FV500 confocal microscope in sequential mode using appropri-
ate filter sets.
1     2  3     4     5 6     7     8     9
12 3 4
c
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human neural stem cells (data not shown) [22]. The need
for antibodies is eliminated since the fixation-resistant
fluorescent HaloTag ligand directly detects the HaloTag
reporter protein fused to the protein of interest. Efficient
and flexible labeling of fusion proteins in live cells ena-
bles a fuller understanding of the protein's function.
By fusing the HaloTag gene to the extracelluar domain of
a truncated β1 integrin, we provided proof of concept that
the HaloTag reporter protein can be expressed on the cell
surface and can be used to study various aspects of mem-
brane protein biology. In addition to integrin, we have
successfully used the HaloTag technology to study the
biology of other membrane proteins, including glycosyl-
phosphatidylinositol (GPI) and the GABAA receptor (data
not shown). While we can not rule out subtle effects of the
HaloTag reporter protein on β1 integrin, we provide
strong evidence that integrin function was not affected.
Results showing that β1Int-HaloTag localized in a similar
pattern to endogenous integrin, trafficked and internal-
ized through expected intracellular machinery and fol-
lowed proper post-translational glycosylation suggest that
the integrin-HaloTag fusion protein maintained cellular
dynamics consistent with native integrins.
To specifically study surface-displayed HaloTag fused to
membrane proteins, we developed a novel HaloTag Alexa
488 ligand that we showed is cell impermeable and func-
tional. A previous report made an extracellular GFP-
integrin fusion and showed impressive focal adhesion
motility in live fibroblasts [21]. However, GFP was used
primarily as a fluorescent marker of the fusion protein
rather than the multifunctional HaloTag-integrin fusion
we used to spatially and temporally visualize integrin, to
determine integrin topology and post-translational modi-
fication and to capture live cells. In addition, GFP was
fused directly to the transmembrane domain with com-
plete removal of the extracellular domain. While we trun-
cated the integrin in our β1Int-HaloTag construct, we
intentionally retained portions of the extracellular and
cytoplasmic sequences and the specificity determining
loop (SDL) to ensure integrin traffics to the membrane
[35,36].
In addition to using the HaloTag technology to study
membrane protein biology, we have applied the HaloTag
technology to sort cells by fluorescent activated cell sort-
ing FACS [37]. We were able to successfully separate
β1IntHT2-expressing cells labeled with HaloTag TMR or
Alexa488 ligands from non-expressing cells (data not
shown). As an alternative method for cells sensitive to
FACS, the HaloTag technology can also be used to sort
cells by panning [38]. We showed that the technology can
be used to select cells by labeling surface-expressed Halo-
Tag with the PEG-Biotin ligand. Labeled cells can then be
captured on a streptavidin plate for in vitro assays or live
cell imaging.
Los and Wood (2006) previously described the HaloTag
technology simply for imaging intracellular proteins and
Cell capture using HaoTag Technolgy Figure 6
Cell capture using HaoTag Technolgy. (a) HeLa cells co-expressing β1Int-HaloTag and luciferase were labeled with HaloTag 
PEG-Biotin. They show specific capture on SA plates compared to labeled cells co-expressing HaloTag and luciferase. Pre-coat-
ing plates with HaloTag PEG-Biotin blocks the specific capture. (b) HEK293 cells stably expressing β1Int-HaloTag (top panel) 
or wildtype HEK293 (bottom panel) were labeled with HaloTag PEG-Biotin. After capture and replate, cells were Tamra 
labeled and live cell imaging shows β1Int-HaloTag-expressing cells are specifically captured and survive.
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only using cell permeable ligands. By expressing HaloTag
on the cell surface and developing a fluorescent cell
impermeable ligand, we have greatly expanded this mul-
tifunctional technology to include visualizing different
pools of a membrane protein over space and time, assess-
ing post-translational modification, and capturing cells.
In addition, we combined the HaloTag technology with
FPP and digitonin permeabilization to study protein
topology and distribution.
The multifunctional HaloTag technology supports many
experimental procedures including immunocytochemis-
try, fixed and live cell imaging, SDS page, FPP and capture.
We successfully used this technology to determine protein
topology and subcellular localization, to capture and sort
cells, and to assess protein modification. In addition, we
used different colored cell impermeable and permeable
HaloTag ligands to show spatial separation of membrane
and internal protein pools, and real-time translocation of
these protein pools in live cells.
Conclusion
We have shown that the multifunctional HaloTag tech-
nology provides the ability to separate protein pools in
space and time, and could be a powerful tool to examine
the trafficking and cellular biology of membrane proteins
such as integrins or other proteins of interest.
Methods
HaloTag® protein and ligands
The HaloTag reporter protein is an engineered catalyti-
cally inactive derivative of a bacterial hydrolase [13].
Replacement of the catalytic base (His) with Phe renders
the HaloTag protein inactive by impairing its ability to
hydrolyze the ester intermediate, leading to the formation
of a stable covalent bond. The synthetic ligands contain
two crucial components: 1) a common reactive linker that
forms a covalent bond with the HaloTag® protein, and 2)
a functional reporter such as a fluorescent dye or an affin-
ity handle such as biotin. HaloTag® ligands have the same
chloroalkane reactive linker, but differ in the functional
reporter and distance of the reporter from the linker. The
HaloTag® TMR ligand crosses the cell membrane, unlike
the HaloTag® PEG-Biotin and HaloTag® Alexa Fluor® 488
Ligands.
HaloTag® ligand synthesis
The succinimidyl ester of Alexa Fluor® 488 carboxylic acid
was obtained from Invitrogen. Biotin-PEO4-propionate
succinimidyl ester was purchased from Biotium. All other
reagents and solvents for chemical syntheses were pur-
chased from Aldrich, Fisher, or VWR and were used with-
out further purification unless specified. Nuclear
Magnetic Resonance (NMR) was recorded on a Varian-
300. Mass data were obtained using a Fisions VG Platform
II spectrometer. UV-Vis absorption spectra were recorded
on Beckman DU 650 in 50 mM phosphate buffer (pH =
7.4). HPLC purification was accomplished using a Waters
Preparative HPLC with water and acetonitrile (ACN) as
mobile phase carriers applied to a Varian Microsorb 60-8
C18 column; 250 × 21.4 mm. Analytical HPLC was per-
formed on Agilent 1100 HPLC using a Synergi 4 µ Max-RP
80R, 250 × 4.6 mm C12 column with 10 mM ammonium
acetate, pH = 5.5 (A) and ACN (B) as mobile phase from
25% to 60% B in 15 minutes. Combustion data was
obtained by Quantitative Technologies, Inc.
3,6-Diamino-9-[2-carboxy-4(or 5)-[N-2-(2-(6-
chlorohexyloxy)ethoxy)ethyl carbamoyl]phenyl]-4,5-disulfo-
xanthylium, bis(diisoproplyethylammonium) salt
To a stirring solution of 3,6-diamino-9-[2-carboxy-4(or
5)-[[(2,5-dioxo-1-pyrrolidinyl)oxy]carbonyl]phenyl]-4,5-
disulfoxanthylium, inner salt (5 mg, 5.3 × 10-5 mol) in 1
ml dry DMF (stored over molecular sieves) was added via
syringe a 2M solution of 2-[2-(6-chloro-hexyloxy)-
ethoxy]-ethyl-amine (40 µl, 7.95 × 10-5 mol) in CH2Cl2
followed by diisoproplyethylamine (46 µl, 2.6 × 10-4
mol). The reaction mixture was allowed to stir for 12
hours then diluted with 1 ml of water and subjected to
prep HPLC purification. An orange solid was isolated.
Yield: 21 mg, 68%.
λmax: 493 nm; ε: 77,202
HPLC: 10.39 min (63.5%) and 10.70 min (36.5%).
1H NMR (D2O) [5 isomer]: δ = 8.34 (d, 1H, Ar-4), 8.03
(dd, 1H, Ar-6), 7.45 (s, 1H, Ar-7), 7.26 (d, 2H, Ar-1',8'),
6.97 (d, 2H, Ar-2',7',8'), 3.80 (dd, 1H, exchangable, NH),
3.78-3.50 (m, 10H, CH2-O and CH2-NH(CO)), 3.73 (M,
4H, CH-NH+), 3.42 (t, 2H, CH2-Cl), 3.21 (dd, 4H, CH2-
NH+), 1.69-1.24 (m, H8, -CH2-), 1.35 (d, 24H, CH3-CH),
1.35 (t, 6H, CH3-CH2) ppm. [6 isomer]: δ = 8.06 (s, 2H,
Ar-4,7), 7.67 (s, 1H, Ar-5), 7.26 (d, 2H, Ar-1',8'), 6.97 (d,
2H, Ar-2',7',8'), 3.80 (dd, 1H, exchangable, NH), 3.78-
3.50 (m, 10H, CH2-O and CH2-NH(CO)), 3.73 (M, 4H,
CH-NH+), 3.42 (t, 2H, CH2-Cl), 3.21 (dd, 4H, CH2-NH+),
1.69-1.24 (m, H8, -CH2-) ppm, 1.35 (d, 24H, CH3-CH),
1.35 (t, 6H, CH3-CH2) ppm.
MS:  m/z  Calcd for C31H34ClN3O12S2
+: 739.13. Found:
739.30.
EA: Calcd for C47H72ClN5O12S2: C 56.52, H 7.27, N 7.01,
S 6.42, Cl 3.55. Found: C 58.66, H 6.85, N 7.16, S 6.84, Cl
4.62.BMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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N-(2-(2-(6-chlorohexyloxy)ethoxy)ethyl)-1-(5-((3aS,4S,6aR)-2-oxo-
hexahydro-1H-thieno [3,4-d]imidazol-4-yl)pentanamido)-3,6,9,12-
tetraoxapentadecan-15-amide
To a stirring solution of biotin-PEO4-propionate succin-
imidyl ester (5 mg, 8.5 × 10-6 mol) in 115 µl dry DMF was
added via syringe a 0.3M solution of 2-[2-(6-chloro-hexy-
loxy)-ethoxy]-ethyl-ammonium chloride (85 µl, 2.55 ×
10-5 mol) in CH2Cl2 followed by one drop of diisoproply-
ethylamine (excess). The reaction mixture was allowed to
stir for 4 hours then diluted to 1 ml of water and subjected
to prep HPLC purification. A white solid was isolated.
Yield: 4.2 mg, 71%.
1H NMR (DMSO-d6) [5 isomer]: δ = 7.88 (t, 1H, exch.,
NH), 7.82 (t, 1H, exch., NH), 6.41 (s, 1H, exch.., biotin-
NH), 6.34 (s, 1H, exch., biotin-NH), 4.30 (m, 1H, CH),
4.12 (M, 1H, CH), 3.62 (t, 2H, CH2-Cl), 3.58 (t, 2H, CH2-
O), 3.50-3.30 (m, 24H, CH2), 3.18 (m, 4H, CH2-N), 3.08
(m, 1H, CH), 2.82 (dd, 1H, CH2), 2.57 (d, 1H, CH2), 2.31
(t, 2H, CH2), 2.06 (t, 2H, CH2), 1.75-1.27 (m, 12H, -CH2-
) ppm.
MS:  m/z  Calcd for C31H58ClN4O9S+: 697.36 (100%),
698.36 (35.8%), 699.36 (37.3%). Found: 697.64, 699.68.
EA: Calcd for C31H57ClN4O9S: C 53.39, H 8.24, N 8.03, S
4.60, Cl 5.08. Found: C 53.08, H 8.45, N 7.82, S 4.31, Cl
5.03.
TLC (10% MeOH in CH2Cl2, PMA stain): 0.33
Construct design
The HaloTag mammalian expression vector (pHT2,
Promega) contains the open reading frame of the modi-
fied hydrolase gene, which contains a 5' BamHI and 3'
NgoMIV restriction site. The human β1 integrin sequence
was synthesized (Blue Heron) with a signal peptide
(amino acids 1–20), a truncated extracellular domain
(amino acids 190–217, 722–730), a transmembrane
domain (amino acids 731–756), and a truncated cyto-
plasmic domain (amino acids 757–762). The specificity
determining loop was retained in the extracellular
domain [36]. Using the BamHI and NgoMIV sites, Halo-
Tag was cloned downstream of the signal peptide and
upstream of the extracellular domain. The HaloTag pro-
tein was also cloned upstream of three copies of a nuclear
localization sequence (NLS)3 from the simian virus large
T-antigen [23]. The β1Int-HaloTag and HaloTag-(NLS)3
fusion proteins were confirmed by restriction digest anal-
ysis and sequencing. DNA was purified using endofree
maxipreps (Qiagen) for transfection into mammalian cell
lines.
Cell culture and transfection
All procedures were performed at the standard cell grow-
ing conditions of 37°C in an atmosphere of 5% CO2.
HeLa (ATCC #CCL-2), CHO-K1 (ATCC #CCL61),
HEK293 or U2OS (ATCC #HTB-96) cells were maintained
in DMEM, F12 or McCoy 5A media supplemented with
10% fetal bovine serum (Invitrogen, USA) according
ATCC recommendations.
The  β1Int-HaloTag fusion protein was transfected into
mammalian cell lines using the cell-specific lipofection
reagents from Mirus, according to manufacturer proto-
cols. Co-transfection experiments using β1Int-HaloTag
and humanized renilla luciferase or monster GFP
(Promega) were done at a 1:1 ratio. Cells stably expressing
β1Int-HaloTag or HaloTag-(NLS)3 were generated using a
3:1 ratio of β1Int-HaloTag or HaloTag-(NLS)3 and pcINeo
(Promega).
Microscopy
Cells were imaged on a confocal microscope FV500
(Olympus, Japan) using a 488 nm Ar/Kr laser line or a
543- or 633-HeNe laser line. Scanning speed and laser
intensity were adjusted to avoid photobleaching of the
fluorophores and damage of the cells. The microscope
was equipped with microenvironmental chamber to
maintain physiological conditions.
Cell labeling
Live cells were labeled for 15 minutes at 37°C with Halo-
Tag® TMR (5 µM), HaloTag® Alexa Fluor® 488 (5 µM), or
HaloTag® PEG-Biotin (10 µM) ligands. Cells were labeled
with individual ligands, or sequentially labeled first with
the HaloTag 488 ligand followed by the HaloTag TMR lig-
and. The cell permeable HaloTag TMR can label the entire
pool of HaloTag protein and the cell impermeable Halo-
Tag 488 ligand can label only surface protein. After labe-
ling, cells were rinsed with fresh media for 15–30
minutes. Cells were then imaged live, or fixed and proc-
essed for immunocytochemistry, or lysed and processed
for SDS-page analysis.
Live cell imaging
To confirm surface expression and functionality of the
HaloTag protein, HEK293 cells stably expressing β1Int-
HaloTag or HaloTag-(NLS)3were labeled with the Halo-
Tag 488 ligand, then rinsed and imaged. To assess spatial
separation of proteins in live cells using the HaloTag tech-
nology, HeLa cells were transiently transfected with the
β1Int-HaloTag protein, and 48 hours later cells were
sequentially labeled with the HaloTag 488 ligand fol-
lowed by the HaloTag TMR ligand. After labeling and rins-
ing, cells were imaged immediately and 12 hours later. To
assess real-time translocation of proteins in live cells using
the HaloTag technology, U2OS cells stably expressing theBMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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β1Int-HaloTag protein were sequentially labeled with the
HaloTag 488 and TMR ligands, then rinsed, and imaged
immediately followed by every 20 minutes for 17 hours.
Fixed cell imaging
The stability of the covalent bond between the HaloTag
protein and the HaloTag ligands and the resistance of the
fluorescent signal to cell fixatives allows the imaging of
β1Int-HaloTag in fixed cells. HeLa cells were transiently
transfected with the β1Int-HaloTag protein, and 48 hours
later cells were labeled with either the HaloTag 488 or
TMR ligand. For transferrin experiments, cells were simul-
taneously labeled with HaloTag 488 and an Alexa® Fluor
594 transferrin conjugate (Invitrogen, per supplier proto-
col).
Hela cells were fixed with 4% paraformaldehyde for 10
minutes and then rinsed with phosphate buffered saline
(PBS). For Rab4, Rab11 and transferrin studies, cells were
fixed 30 minutes after live cell labeling to allow time for
protein internalization. Cells were blocked in PBS with
5% normal goat serum (Gibco) and 0.1% triton (Sigma),
except for double immunocytochemistry with HaloTag®
and integrin where triton was omitted so cells were non-
permeablized. After block, cells were incubated in the fol-
lowing primary antibodies: HaloTag® (rabbit, 1.5 µg/ml,
Promega), integrin (mouse, 1:100), golgi zone (mouse,
1:20, Chemicon), protein disulfide isomerase (PDI)
(endoplasmic reticulum marker, mouse, 1:350, Abcam),
58 K protein (endoplasmic reticulum intermediate golgi
complex marker, mouse, 1:200, Abcam), rab4 (early
endosome marker, mouse, 1:100, Abcam), rab11 (late
endosome marker, mouse, 1:200, Abcam), and cadherin
(rabbit, 1:600, Abcam). Primary antibodies were removed
and rinsed 3 times with PBS followed by Alexa Fluor®-488
conjugated or Alexa Fluor®-594 conjugated anti-rabbit or
mouse secondary antibodies (goat, 1:1000, Molecular
Probes). Cells were rinsed 3 times with PBS and imaged.
Fluorescence protease protection
To reveal the β1Int-HaloTag protein topology and subcel-
lular localization, we used the HaloTag technology with a
modified fluorescence protease assay – a new technique
that determines the topological distribution of proteins in
living cells by monitoring trypsin-induced destruction of
GFP attached to a protein of interest [24]. To assess pro-
tein topology, HEK293 cells stably expressing the β1Int-
HaloTag protein were sequentially labeled with the Halo-
Tag 488 and TMR ligands. Immediately following labeling
and rinsing, live cells were imaged before trypsin addition
and then imaged at 50 and 450 seconds following 4 mM
trypsin exposure. For additional figure 1, live cells were
imaged 1 hour following labeling and rinsing, thereby
some β1Int-HaloTag that had labeled on the surface with
the HaloTag 488 ligand would internalize before trypsin
addition. To assess subcellular localization, HeLa cells co-
expressing the β1Int-HaloTag protein and GFP (Promega)
were labeled with the HaloTag TMR ligand. Immediately
following labeling and rinsing, live cells were imaged
before digitonin addition and then imaged at 360, 440
and 590 seconds following 80 µM digitonin treatment.
Cell capture
HeLa cells were transiently co-transfected with β1Int-
HaloTag, or HaloTag as a control, and humanized renilla
luciferase. After 48 hours, cells were labeled with the
HaloTag PEG-Biotin ligand, then rinsed, and collected
with 3 mM EDTA. Cells were placed into SA-coated 96
well plates (Pierce) for 30 minutes at 37°C, then wells
were rinsed to remove non-captured cells. Captured cells
were lysed and luciferase activity was measured using the
renilla luciferase assay, per manufacturer protocol
(Promega). Plates were read on a microplate luminometer
(Veritas) and RLU (relative light units) were averaged over
24 wells, with standard error of the mean. To verify spe-
cific capture, SA-coated plates were pre-blocked with the
HaloTag PEG-Biotin ligand (10 µM, for 30 minutes) then
rinsed before cell addition.
For live cell imaging, HEK293 cells stably expressing
β1Int-HaloTag, or wildtype HEK293 as a control, were
labeled with the HaloTag PEG-Biotin ligand, then rinsed,
and collected with 3 mM EDTA. Cells were placed into SA-
coated 96 well plates (Pierce) for 30 minutes at 37°C,
then wells were rinsed to remove non-captured cells. Cap-
tured cells were removed using trypsin-EDTA (Sigma),
replated on glass slides (Nalge Nunc), and labeled after 24
hours with HaloTag TMR ligand and imaged.
Glycosylation and timcourse analysis
To assess the glycosylation and location of separate pro-
tein pools in cells using the HaloTag technology we used
HEK293 cells stably expressing the β1Int-HaloTag pro-
tein. Cells were labeled with the HaloTag 488 ligand
alone, the TMR HaloTag ligand alone, or sequentially.
Cells were then rinsed, collected in 1 × PBS with a protease
inhibitor cocktail (1:100, Sigma), and lysed by fractiona-
tion. After live cell labeling and rinsing, cells were col-
lected either immediately for the glycosylation study or at
times 0–12 hours for the time course study.
Lysate was incubated with either O- or N-glycanase, using
the enzymatic deglycosylation kit, per manufacturer pro-
tocol (Prozyme).
Because the HaloTag ligand is held by a stable covalent
bond, the fluorescently labeled β1Int-HaloTag protein
can be boiled with sample buffer and resolved by SDS-
PAGE without loss of the fluorescence signal. Lysate in
sample buffer (1% SDS, 10% glycerol, and 1.0 mM β-mer-BMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
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captoethanol, pH 6.8) was boiled for 5 minutes and then
resolved on SDS-PAGE (4–20% gradient gels, Invitrogen),
with the DyLight fluorescent protein molecular weight
marker (Pierce). Gels were analyzed on a fluorescence
imager Typhoon 9400 (Hitachi, Japan) at an Eex/Eem
appropriate for Alexa Fluor® 488 and TMR.
Competing interests
Authors receive salary from an organization that may be
affected by the publication of this manuscript. There is
one issued and two pending patents on the HaloTag® tech-
nology.
Authors' contributions
SS designed, coordinated and performed experiments,
analyzed data and prepared the manuscript. CZ cloned
the  β1Int-HaloTag and HaloTag-(NLS)3 constructs and
generated cells stably expressing HaloTag-(NLS)3. MM
and DK designed and generated the HaloTag ligands. GL
conceived of the study, participated in its design and crit-
ically reviewed the manuscript. All authors read and
approved the final manuscript.
Additional material
Acknowledgements
We gratefully acknowledge Monika Wood for the HaloTag® protein model, 
Bob Bulleit and Keith Wood for helpful discussions, and Gedi Vidugiriene 
for performing FACS.
References
1. Bogdanov M, Zhang W, Xie J, Dowhan W: Transmembrane pro-
tein topology mapping by the substituted cysteine accessibil-
ity method (SCAM): Application to lipid-specific membrane
protein topogenesis.  Methods 2005, 36:148-171.
2. Guignet E, Hovius R, Horst V: Reversible site-selective labeling
of membrane proteins in live cells.  Nat Biotech 2004,
22(4):440-444.
3. Chen I, Howarth M, Lin W, Ting A: Site-specific labeling of cell
surface proteins with biophysical probes using biotin ligase.
Nat Meth 2005, 2(2):99-104.
4. Tannous B, Grimm J, Perry K, Chen J, Weissleder R, Breakefield X:
Metabolic biotinylation of cell surface receptors for in vivo
imaging.  Nat Meth 2006, 3(5):391-396.
5. Vivero-Pol L, George N, Krumm H, Johnsson K, Johnsson N: Multi-
color imaging of cell surface proteins.  Jour Amer Chem Soc 2005,
127:12770-12771.
6. Marks K, Nolan G: Chemical labeling strategies for cell biology.
Nat Meth 2006, 3(8):591-596.
7. Giepmans B, Adams S, Ellisman M, Tsien R: The fluorescent tool-
box for assessing protein location and function.  Science 2006,
312:217-224.
8. Gronemeyer T, Godin G, Johnsson K: Adding value to fusion pro-
teins through covalent labeling.  Curr Opin in Biotechnol 2005,
16:453-458.
9. Adams S, Campbell R, Gross L, Martin B, Walkup G, Yao Y, Llopis J,
Tsien R: New biarsenical ligands and tetracysteine motifs for
protein labeling in vitro and in vivo: Synthesis and biological
applications.  Jour Amer Chem Soc 2002, 124:6063-6076.
10. Keppler A, Gendreizig S, Gronemeyer T, Pick H, Vogel H, Johnsson
K: A general method for the covalent labeling of fusion pro-
teins with small molecules in vivo.  Nat Biotech 2003, 21:86-89.
11. Henderson J, Remington S: The kindling fluorescent protein: A
transient photoswitchable marker.  Physiology 2006, 21:162-170.
12. Chapman S, Oparka K, Roberts A: New tools for in vivo fluores-
cence tagging.  Curr Opin Plant Bio 2005, 8:565-573.
13. Los GV, Wood K: The HaloTag™: a novel technology for cell
imaging and protein analysis.  Methods Mol Biol 2007,
356:195-208.
14. Baird GS, Zacharias DA, Tsien R: Biochemistry, mutagenesis,
and oligomerization of DsRed, a red fluorescent protein
from coral.  Proc Natl Acad Sci 2000, 97(22):11984-11989.
15. Campbell R, Tour O, Palmer A, Steinbach P, Baird G, Zacharias D,
Tsien R: A monomeric red fluorescent protein.  Proc Natl Acad
Sci 2000, 99(12):7877-7882.
16. Luo B, Carman C, Springer T: Structural basis of integrin regu-
lation and signaling.  Annu Rev Immunol 2007, 25:619-647.
17. Owen R, Carlson C, Xu J, Mowery P, Fasella E, Kiessling L: Bifunc-
tional ligands that target cells displaying the αvβ3 integrin.
ChemBioChem 2006, 8(1):68-82.
18. Hilden T, Nurmi S, Fagerholm S, Gahmberg C: Interfering with leu-
kocyte integrin activation – a novel concept in the develop-
ment of anti-inflammatory drugs.  Annals of Med 2006,
38(7):503-511.
19. Plancon S, Morel-Kopp M, Schaffner-Reckinger E, Chen P, Kieffer N:
Green fluorescent protein (GFP) tagged to the cytoplasmic
tail of aIIb or b3 allows the expression of a fully functional
integrin αIIbβ3: effect of β3gfp on αIIβ3 ligand binding.  Bio-
chem J 2001, 357:529-536.
20. Laukaitis C, Webb D, Donais K, Horwitz A: Differential dynamics
of α5 integrin, paxillin, and α-actinin during formation and
disassembly of adhesions in migrating cells.  J Cell Bio 2001,
153(7):1427-1440.
21. Smilenov L, Mikhailov A, Pelham R, Marcantonio E, Gundersen G:
Focal adhesion motility revealed in stationary fibroblasts.
Science 1999, 286:1172-1174.
22. Svendsen S, McMillan E, Zimprich C, Svendsen CN, Los GV: Halo-
Tag protein: A novel reporter protein for human neural
stem cells.  Promega Notes 2007, 95:20-22.
23. Kalderon D, Roberts B, Richardson W, Smith A: A short amino
acid sequence able to specify nuclear location.  Cell 1984,
39(3):499-509.
24. Lorenz H, Hailey D, Lippincott-Schwartz J: Fluorescence protease
protection of GFP chimeras to reveal protein topology and
subcelluar localization.  Nat Meth 2006, 3(3):205-210.
Additional file 1
Distinguishing cell surface and internalized HaloTag protein. Pre trypsin 
exposure, live HEK293 cells sequentially labeled with HaloTag 488 and 
TMR ligands show spatial separation of the green surface protein around 
the red internal protein, and some of the original green surface pool has 
internalized. After trypsin, the external HaloTag 488 ligand is stripped 
over 200 and 400 seconds and the internal HaloTag TMR ligand and 
internalized HaloTag 488 ligand are preserved. Cell images were gener-
ated on an Olympus FV500 confocal microscope in sequential mode using 
appropriate filter sets.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2121-9-17-S1.pdf]
Additional file 2
Real-time translocation of proteins using HaloTag Technology. Timelapse 
imaging of live U2OS cells sequentially labeled with HaloTag 488 and 
TMR ligands shows real-time translocation of both protein pools. After 
labeling, time 0 shows spatial separation of the green surface protein 
around the red internal protein. Imaging every 20 minutes over 17 hours 
first shows the green surface pool internalizing and the red internal pool 
trafficking to the surface, then the original green surface pool inside and 
the red pool on the membrane, and finally the red surface pool internaliz-
ing.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2121-9-17-S2.mov]Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Cell Biology 2008, 9:17 http://www.biomedcentral.com/1471-2121/9/17
Page 14 of 14
(page number not for citation purposes)
25. Lippincott-Schwartz J: Dynamics of secretory membrane traf-
ficking.  Ann NY Acad Sci 2004, 1038:115-124.
26. Martel V, Vignoud L, Dupe S, Frachet P, Block M, Albiges-Rizo C:
Talin controls the exit of the integrin alpha 5 beta 1 from an
early compartment of the secretory pathway.   J Cell Sci 2000,
113(pt 11):1951-61.
27. Roberts M, Barry S, Woods A, van der Sluijs P, Norman J: PDGF-
regulated rab4-dependent recycling of αvβ3 integrin from
early endosomes is necessary for cell adhesion and spread-
ing.  Current Biology 2001, 11:1392-1402.
28. Mutoh T, Hamada S, Senzaki K, Murata Y, Yagi T: Cadherin-related
neuronal receptor 1 (CNR1) has cell adhesion activity with
β1 integrin mediated through RGD site of CNR1.  Exp Cell Res
2004, 294:494-508.
29. Powelka A, Sun J, Li J, Gao M, Shaw L, Sonnenberg A, Hsu V: Stimu-
lation-dependent recycling of integrin β1 regulated by ARF6
and rab11.  Traffic 2004, 5:20-36.
30. Bellis S, Newman E, Friedman E: Steps in integrin β1-chain glyco-
sylation mediated by TGFβ1 signaling through RAS.  J Cell
Physiol 1999, 181(1):33-44.
31. Akiyama S, Yamada K: Biosynthesis and acquisition of biological
activity of the fibronectin receptor.  J Biol Chem 1987,
262(36):17536-17542.
32. Toro D, Canals J, Gines S, Kojima M, Egea G, Alberch J: Mutant
huntingtin impairs the post-golgi trafficking of brain-derived
neurotrophic factor but not its Val66Met polymorphism.  J of
Neurosci 2006, 26(49):12748-12757.
33. Cooper A, Gitler A, Cashikar A, Haynes C, Hill K, Bhullar B, Liu K,
Xu K, Strathearn K, Liu F, Cao S, Caldwell K, Caldwell G, Marsischky
G, Kolodner R, Labaer J, Rochet J, Bonini N, Lindquist S: α-synuclein
blocks ER-golgi traffic and Rab1 rescues neuron loss in Par-
kinson's models.  Science 2006, 313:324-328.
34. Lyly A, von Schantz C, Salonen T, Kopra O, Saarela J, Jauhiainen M,
Kyttala A, Jalanko A: Glycosylation, transport, and complex for-
mation of palmitoyl protein thioesterase I (PPTI) – distinct
characteristics in neurons.  BMC Cell Biology 2007, 8:1-14.
35. Stefansson A, Armulik A, Nilsson I, Heijne G, Johansson S: Determi-
nation of the N- and C-terminal borders of the transmem-
brane domain on integrin subunits.  Jour Bio Chem 2004,
279(20):21200-21205.
36. Takagi J, DeBottis D, Erickson H, Springer T: The role of the spe-
cificity-determining loop of the integrin β subunit I-like
domain in autonomous expression, association with the α
subunit, and ligand binding.  Biochemistry 2002, 41:4339-4347.
37. Hulett HR, Bonner WA, Barrett J, Herzenberg LA: Cell sorting:
automated separation of mammalian cells as a function of
intracellular fluorescence.  Science 1969, 166(906):747-749.
38. Wysocki LJ, Sato VL: "Panning" for lymphocytes: a method for
cell selection.  Proc Natl Acad Sci 1978, 75(6):2844-2848.